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Abstract
We calculate CP-violating rate asymmetries in the rare radiative decays B± →
K∗±γ and B± → ρ±γ. They arise because of the interference between leading-order
penguin amplitudes and one-gluon corrections with absorptive phases, and provide
unambiguous evidence for direct CP violation. Complementing earlier studies, we
also investigate gluon exchange with the ‘spectator’ quark. The bound state effects
in the exclusive matrix elements are taken into account by a covariant model, which
yields a branching ratio BR(B → K∗γ) = (4 − 5) × 10−5 in good agreement with
the observed value. The bound state effects increase the CP asymmetry, which is of
order 1% in the channel B → K∗γ and 15% for B → ργ.
1partially supported by Schweizerischer Nationalfonds.
1. Introduction
There is much hope to detect CP violation in B-meson physics [1, 2, 3]. It would
complement existing results in Kaon decays and help solving the origin of this phe-
nomenon. In fact, the large variety of decay modes of the B-meson makes it possible
to investigate CP violation from many angles.
A few decay modes, such as B0 → KSJ/Ψ, allow for a simple, essentially model-
free prediction of the CP-violating rate asymmetries [4]. These originate mainly
from the mixing of B0 and B0, and are analogous to the ǫ-parameter in K-decay.
However, one would also like to test direct CP violation in the decay amplitudes,
such as manifested by the ǫ′ parameter (for a recent review of direct CP violation,
see [5]). Theoretical investigations are restricted to inclusive decay modes, which
are difficult to relate to experimental data or require a calculation of an exclusive
decay within a phenomenological model.
It is well known that a non-vanishing asymmetry due to direct CP-violation
requires two interfering amplitudes with different weak (CKM) and strong (rescat-
tering) phases. The main difficulty is to calculate the latter. Within the present
understanding of the basic CP-violating mechanism, consisting in the simultaneous
contribution of several generations of particles to the physical processes in ques-
tion, it is natural to locate the strong phases in (penguin) diagrams on the quark
level, involving virtual heavy and on-shell light particles of all these generations.
This picture was introduced a long time ago by Bander, Silverman and Soni [6]
and underlies most treatments of direct CP violation in charged B-decays; we will
essentially follow these lines as well.
A prominent (penguin) decay is B → K∗γ, recently observed by the CLEO
group with a branching ratio of (4.5± 1.0± 0.9)× 10−5 [7]. With only one hadron
in the final state it is an interesting candidate: One may hope that the theoretical
uncertainties of the calculated rate asymmetry
aCP ≡ Γ(B
− → K∗−γ)− Γ(B+ → K∗+γ)
Γ(B− → K∗−γ) + Γ(B+ → K∗+γ) (1)
are minimal and that the clear signature should make experimental detection feasi-
ble.
While the rate asymmetry for the underlying quark process, b → sγ, vanishes
up to the one-loop level (as the penguin diagram generates an absorptive phase only
when the photon is off shell), Soares [8] showed that there is a non-zero effect at two
loops. When true hadronic transitions are considered, also bound state effects must
be included. They can give rise to additional contributions due to absorptive parts
of diagrams where additional gluons are emitted from inside of the penguin-loop
and couple to the other constituents of the hadrons. In this paper we include these
effects and estimate the rate asymmetry in charged B-decays using a simple model
for the mesons.
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2. Perturbative contributions
We write the effective Hamiltonian for the decay B → K∗γ as
Heff = 4GF√
2
vc
(
C2(µ)O
(c)
2 + C7(µ)O7 + ...
)
(2)
+ (c→ u) .
where
O
(q)
2 = (q¯αγ
µLbα) · (s¯βγµLqβ) (3)
is the familiar four-Fermi operator and
O7 =
e
16π2
s¯ σµν (mbR +msL) b Fµν (4)
is the magnetic dipole operator. L and R are the left and right projectors. The
operatorO7 arises from diagrams with an internal top-quark, and hence its coefficient
is proportional to vt ≡ VtbV ∗ts. It is convenient to express vt in terms of the two
independent CKM combinations vi ≡ VibV ∗is (i = u, c) by making use of the unitarity
relation vt = −vc − vu. This enables us to write the amplitudes 2 for our process in
the convenient form
A = vuAu + vcAc . (5)
For the decay B→ ργ one simply replaces the s-quark in the above expressions for
the operators and in the CKM factors by the d-quark. The ellipses in eq. (3) denote
other operators; in particular, four-Fermi operators whose one-loop matrix elements
in general contribute to the rate. As pointed out in [9], their effects can, at least in
leading logarithmic approximation, be absorbed into an effective coefficient Ceff7 (µ).
For a top-quark mass of 174 GeV, the corresponding values of the Wilson coefficients
are given by C2(5 GeV ) = 1.096 and C
eff
7 (5 GeV ) = −0.305 3 [9, 10]; these val-
ues include some next-to-leading log (NLL) corrections. Of course, a systematic
calculation at the NLL level not only requires the knowledge of the coefficients to
this precision, but also two-loop QCD-corrections to the matrix elements (real and
imaginary parts) have to be calculated.
The CP violating asymmetry aCP has the form [11]
aCP =
−4Im[vuv∗c ] Im[AuA∗c ]
|vuAu + vcAc|2 + |v∗uAu + v∗cAc|2
(6)
which implies the well known fact that the absorptive parts of Au and Ac must
be evaluated. These are subleading, i.e. vanish in the leading log approximation
2Of course, there are several amplitudes corresponding to the different helicity states of K∗ and
γ. However, as long as not both the polarization of the photon and the angular distribution of the
decay products of the K∗ are observed, there are no other CP-violating observables besides the
rate asymmetry and we ignore the helicity structure throughout.
3 The relative sign between C2 and C7 depends on the definition of the covariant derivative; we
use D = ∂ + igsT
aAa + ieQA
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and when the matrix element are treated only at tree level. In fact, the imaginary
parts do not arise from the coefficients Ci, but only from the matrix elements of
the various operators when evaluated to sufficient order in αs. Therefore, when
we consider an expansion of the amplitude in αs, it will be consistent to neglect
subleading terms, except in the imaginary parts in the numerator in eq.(6). In
particular, these absorptive parts are renormalization scheme independent, which is
of course not generally true for the real parts of the one-loop matrix elements. The
leading contribution to the decay rate comes from the tree-level matrix element of
O7 in Fig. 1 which does not involve the spectator anti-quark.
At next order in αs there are many terms. In particular, when considering the
bound state, one would also include, in a perturbative calculation, gluon exchange
between the b-quark or its decay products and the spectator line. In fact, in a
particular treatment of high momentum transfer processes [12], the gluon exchange
plays the major role. In this scheme the constituents have essentially no transverse
momentum which must be provided by the gluon. However, in B-meson decays this
approach tends to yield too small branching ratios [12] and is likely to serve only
as corrections to the decay width. To estimate their importance, we have analyzed
some higher order graphs in the framework of our model (see below) and found that
they only give corrections of up to order 15% in the rate. We therefore expect that
an expansion in αs is meaningful and that very soft gluons can be absorbed in a
suitable wave function. Thus we only include the graph of Fig. 1 to calculate the
rate.
However, as pointed out, the higher orders are essential for the asymmetry and
we must isolate the important ones. At order α0s only the operator O7 contributes
to the decay (after absorbing the contributions of four-quark operators into Ceff7 );
thus, Ac and Au are equal and real at lowest order. Including order αs corrections,
we write Ac = A
0 + αsA
1
c and Au = A
0 + αsA
1
u. Then, Im[AuA
∗
c ] in eq.(6) reads
Im[AuA
∗
c ] = αsA
0
(
ImA1u − ImA1c
)
. (7)
This shows explicitly that the internal particles, which generate the absorptive phase,
must have different masses for a nonzero asymmetry (i.e. the i = u, c quarks from
O
(i)
2 must be involved in ImAi). All operators omitted in eq. (3) enter with a
coefficient proportional to vu + vc and therefore do not yield an absorptive phase
which contributes to the asymmetry at order αs. For the same reason, absorptive
parts of matrix elements of the operators O7 and O8 (the analog to O7, but with a
gluon instead of the photon) do not contribute; only the loop-level matrix elements
of O2 with a gluon emitted from the loop are relevant.
There are basically two classes of diagrams depending on whether the gluon from
the internal quark loop is attached to the final s-quark (Fig. 2) or to the spectator
(Fig. 3).
The first class has already been studied in ref. [8] and corresponds to the finite
part of those QCD radiative corrections which are also responsible for the consid-
erable operator mixing of O2 into O7 [10, 9]. For completeness, and ease of use, we
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will recast the result of Soares in the framework of effective operators which also
gives rather compact expressions. Applying the language of Cutkosky rules, the ab-
sorptive parts arise from “cuts” which contain the uu¯ or cc¯ pair of O2, respectively.
Other cut diagrams either vanish or would generate an “universal” phase, i.e. one
multiplied by vu+ vc, which contributes only at higher order to the rate asymmetry.
The relevant cut diagrams are shown in Fig. 2. They yield local contributions
proportional to the tree-level matrix element of O7 (i.e. proportional to the contri-
bution of Fig. 1)
Im〈sγ|O(i)2 |b〉F ig.2a,b = g2s Qa,bCN ρa,b(mi, mb) 〈sγ|O7|b〉tree , (8)
where CN = (N
2−1)/(2N) is a color factor (CN = 4/3 forN = 3 colors). Qa = −1/3
and Qb = 2/3 are the charges of the quarks to which the photon couples in Fig. 2a,b,
respectively. The masses of the internal and of the b-quark are denoted by mi and
mb, respectively. To evaluate the factors ρa,b in eq. (8), we apply the Cutkosky rules
in the form
ImA(b→ f) = (2π)
4
2
∑
i
∫ Ni∏
n=1
d3pn
(2π)32En
δ4
(
pb −
Ni∑
n=1
pn
)
Aˆ(b→ i) Aˆ(i→ f) , (9)
where Aˆ are the (real) amplitudes of the corresponding subprocesses and the sum-
mation runs over all possible intermediate states i.
The diagrams with only the gluon coupled to the quark loop (Fig. 2a) contain
penguin subdiagrams with insertion of O
(i)
2 . They can be represented by an effective
s¯bg vertex
Iaµ =
gs
16π2
V
( q2
m2i
) (
q2γµ − qµq/
)
L
λa
2
, (10)
where q is the momentum of the gluon, and V is proportional to the vacuum po-
larization with internal i = u or c quarks. With this building block the sum of the
diagrams in Fig. 2a yields
ρa(mi, mb) =
1
16π2
1
m6b
∫ m2
b
4m2
i
ImV
( q2
m2i
)
(m2b − q2)2 dq2 , (11)
where
ImV (x) =
2π
3
x+ 2
x
√
x− 4
x
Θ(x− 4) . (12)
The sum of the diagrams with the gluon and the photon emitted from the quark
loop (Fig. 2b) involves an effective s¯bgγ vertex which can be derived from ref. [13]
Iaµν = −
gseQu
8π2
λa
2
{
iǫβµνα (q
β∆i5 + p
β
γ∆i6)
+i
ǫρσµα
pγq
qρpσγqν∆i23 + i
ǫρσνα
pγq
qρpσγpγµ∆i26
}
γα L . (13)
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In general, for the gluon and the photon being off shell, the quantities ∆in ≡
∆in(z0, z1, z2) are functions of the three variables z0 = s/m
2
i , z1 = q
2/m2i and
z2 = p
2
γ/m
2
i , where q and pγ denote the four-momenta of the gluon and the photon,
respectively, and s is the invariant mass squared of the internal quark pair. In the
present situation, where the photon is on shell, the form factors ∆in can be written
as
∆i5(z0, z1, 0) = −1 + z1
z0 − z1 (Q0(z0)−Q0(z1))−
2
z0 − z1 (Q−(z0)−Q−(z1))
∆i6(z0, z1, 0) = +1 +
z1
z0 − z1 (Q0(z0)−Q0(z1)) +
2
z0 − z1 (Q−(z0)−Q−(z1))
∆i23(z0, z1, 0) = ∆i5(z0, z1, 0) = −∆i26(z0, z1, 0) . (14)
The functions Q0 and Q− are defined by the integrals
Q−(x) =
∫ 1
0
du
u
log (1− xu(1− u)) , Q0(x) =
∫ 1
0
du log (1− xu(1− u)) ,
(15)
and have imaginary parts for x ≥ 4. On the sheet Imx ≥ 0 they are given by
ImQ−(x) = −2π log
(√
x+
√
x− 4
2
)
, ImQ0(x) = −π
√
x− 4
x
. (16)
In terms of these functions, we obtain for the total contribution of the diagrams in
Fig. 2b
ρb(mi, mb) =
1
8π2
∫
dEˆ ′s dz
Eˆ ′s
[1− Eˆ ′s(1− z)]2
×
{(
2− 4Eˆ ′s(1− z)
) m2i
m2b
ImQ−
( s
m2i
)
+
(
3Eˆ ′s − Eˆ ′sz − 4Eˆ
′2
s (1− z)
)
ImQ0
( s
m2i
)}
, (17)
where Eˆ ′smb is the energy of the intermediate (cut) s-quark in the rest frame of the
decaying b-quark and z is the cosine of the angle between the intermediate s-quark
and the photon. In terms of the integration variables the invariant mass squared of
the internal quark pair reads s = m2b(1− 2Eˆ ′s).
At z = −1 the integral in eq. (17) is divergent. In an inclusive (free) b-quark
decay this divergence would have to be cancelled by including the radiation of addi-
tional gluons or ss¯-pairs. In the present exclusive situation this logarithmic diver-
gence is cut off by requiring that the momentum squared q2 of the virtual gluon is
sufficiently off shell in order to avoid double counting with contributions from the
wave functions. The condition q2 = −m2bEˆ ′s(1 + z) ≤ −Λ2 yields the integration
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intervals
Λ2
2m2b
≤ Eˆ ′s ≤
1
2
−1 + Λ
2
m2bEˆ
′
s
≤ z ≤ 1 . (18)
We close this section with a physical picture of the diagrams involved. For
instance, when the internal quark loop contains a cc¯ pair, the above diagrams can
be viewed as perturbative contributions to the decay of the B-meson into some (sc¯)
and (cu¯) states, e.g. a D(∗)s and a D
(∗) meson. These intermediate hadrons rescatter
then into the final state K∗ + γ by radiating the photon and exchanging gluons
in all possible ways. This implies the presence of the diagrams (see Fig. 3) of the
second class, involving the spectator line. They yield non-local contributions and
their explicit form depends on the model by which the meson states are described;
the one we use will be presented in the next section.
3. A model for the exclusive matrix elements
To describe exclusive decays of B mesons involving a light meson in the final state,
like B → πeν and B → ρeν, we have developed a covariant model [14] which
yields good results for the branching ratio and energy spectrum in these decays; we
apply it here to the rare decay B → V γ, where V = K∗ or ρ. In fact, since most
models coincide when the hadronic momentum transfer squared is approximately
zero, we expect that the results are relatively model independent. We assume that
both B and K∗ can be described by two (effective) constituents only: B = (b, q¯)
and K∗ = (s, q¯). To guarantee covariance of the results we require that the four-
momenta of the constituents add up to the four-momentum of the bound state.
Due to binding effects, this condition can only be fulfilled if at least one of the two
constituents has a variable mass 4. We take the mass mq of the spectator anti-
quark to be fixed; more specifically we put mq = 0 (for reasons which are related
to our prescription of the light mesons, see below). Consequently, the b-quark mass
becomes momentum dependent
mb =
√
m2B − 2pBpq , (19)
where pB and pq are the four-momenta of the B meson and the spectator, respec-
tively, and mB is the mass of the B meson. Eq. (19) only makes sense if the
momentum |~pq| in the B rest-frame is restricted to |~pq| ≤ mB/2. As derived in
detail in ref. [14], the B meson can be represented by a matrix ΨB (in spinor and
color space)
ΨB = CB
∫
d3pq
2Eq(2π)3
√
mB
2(m2B − pBpq)
φB(|pBpq/mB|) ΣB ⊗ 1√
N
1N , (20)
4This is quite similar in the model of Altarelli et al. [15]
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with
ΣB = −( 6pb +mb) γ5 6pq . (21)
For the wave function φB(p) we use a harmonic Ansatz
φB(p) = exp
{
−p2/(2p2F )
}
. (22)
The normalization factor CB is chosen such that
∫
d3pq|CBΦB(|~pq|)|2 = (2π)3 when
the integration region is restricted to |~pq| ≤ mB/2. Numerically, CB ≈
√
8 π3/4 p
−3/2
F
to a very high precision. The only parameter of the wave function, pF , is fixed in
such a way that our model yields the right value for the meson decay constant fB.
Numerical values of pF for different choices of fB are given in table 1.
While the above construction is adequate for the B meson, it turns out to be
impossible to describe the light (vector) meson along these lines because whatever
one chooses for the wave function, it is impossible to get a value for the decay con-
stant which is compatible with experimental data. (Here we refer to the analogous
statement given in detail for the pion in ref. [14]). Therefore, we use a different
picture for the light meson, assuming that the meson is represented by two con-
stituents with parallel momenta ps = ypV and pq = (1 − y)pV , respectively. As the
vector mesons considered here are much lighter than the B meson, we neglect their
masses and consequently also those of the constituents. The final state vector meson
is represented by the matrix
ΨV = CV
∫ 1
0
dy φV (y) ΣV ⊗ 1√
N
1N , (23)
with
ΣV = lim
mV→0
6ǫ∗V ( 6pV +mV ) , (24)
where pV and ǫV are the momentum and polarization vector of the meson, respec-
tively. φV (y) is the quark distribution amplitude in the vector meson, and the nor-
malization factor CV is determined by the value of the decay constant fV , defined
as 〈0|u¯γµs|V 〉 = mV fV ǫµV (fK∗ ≈ fρ ≈ 216 MeV). Explicitly, we take
φV (y) = 6y(1− y) (1 + · · ·) ; CV = fV /(4
√
N) (25)
where the ellipses denote deviations from the asymptotic form of the wave function
and SU(3)Flavour breaking effects (see e.g. ref. [16]).
The exchange of extra gluons may lead to ambiguities (double counting and IR
divergences) in two situations: In the first, there is a quark line, like the b-line in
Fig. 4a, which is off shell because of the exchange of a gluon which can be absorbed
into one of the meson wave functions. In order to avoid counting this configuration
a second time in the perturbative treatment, we should impose a condition that the
quark line is sufficiently off shell.
In the second, gluons which couple directly to a constituent quark of a meson
should not be included when they are almost on shell: This case would be degenerate
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with the contribution from the adequate wave function for a three-particle Fock state
(e.g. u¯gs in Fig. 2); since the latter are not included in our simple model treatment,
we should not include such almost on-shell gluons as well.
Both conditions will be built into our model by requiring that quarks or gluons
in the above situations are off shell by at least an amount Λ. (Of course, the cutoff
parameter may a priori be different in the two situations; however, for simplicity we
take the same value Λ in both cases.) This parameter is part of the definition of
our model and a value of Λ = 0.2 − 1 GeV should be physically reasonable. This
automatically cuts off possible soft and collinear divergencies.
In the following, we denote by pγ (pV ) and ǫγ (ǫV ) the momentum and polariza-
tion of the photon (vector meson), respectively. The transition matrix elements of
the effective operators in eq. (3) have the general form (for an on-shell photon)
〈V γ|Oi|B〉 ≡ emB ǫµγ
{
iǫµναβp
ν
γǫ
α
V p
β
V F1[Oi] +
(
(pγǫV ) pV µ − (pγpV ) ǫV µ
)
F5[Oi]
}
(26)
which serves as a definition for the ‘form factors’ F1,5[Oi]. In the following, when
the mass of the final-state meson is neglected, we have always F1 = F5 due to the
σµν(1 + γ5) structure of O7; hence, we shall drop the subscript of F
5.
In the framework of our model for the bound states, the hadronic matix elements
are determined by
〈V γ|Oi|B〉 = CB CV
∫
d3pq dy
(2π)32Eq
√
mB
2(m2B − pBpq)
×φB
(pBpq
mB
)
φV (y)
1
N
Tr [ΣV MsbΣB Mqq′ ] , (27)
where the trace is in Dirac and color space. The spin projectors ΣB and ΣV in
eq. (27) are given in eqs. (21) and (24), respectively, and the matrices Msb and Mq′q
(acting in spinor and color space) are related to the quark-level matrix elements by
〈sq¯′γ|Oi|bq¯〉 = u¯sMsbub · v¯qMqq′vq′ . (28)
Note, that in the case of a transition where the spectator is not directly involved,
Mqq′ can be written as [14]
Mqq′ = 2γ0 (2π)
3 δ3(pq − pq′)⊗ 1N . (29)
From the decomposition in eq. (26) one readily derives the decay width
Γ(B → V γ) = αem
4
m5B |F [Heff ]|2 . (30)
In the (leading) approximation when only the matrix element of O7 is taken into
account, one obtains
Γ(B → V γ) ≈ 2G2Fm5Bαem |vc + vu|2 (Ceff7 )2 |F [O7]|2 . (31)
5 For the operator O7, our definition of F coincides with the form factor 2F1 commonly used
in the literature
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4. Evaluation of F[O7] and branching ratios
As mentioned in section 2, only F [O7] contributes to 〈V γ|Heff |B〉 in a leading-log
calculation of the decay rate. Evaluating the trace in eq. (27) and working out the
d3pq integration by making use of the 3-dimensional delta function (which directly
relates mb = mB
√
y to the momentum fraction y) we get
F [O7] = −
√
mB CB CV
4π2
∫
dy
y√
1 + y
φV (y)φB
(mB(1− y)
2
)
+O(αs) . (32)
In order to get a rough idea of the effect of higher order contributions to the
amplitude for B → K∗γ, we consider those order αs corrections to the matix element
of O7 which involve an extra gluon exchange with the spectator. The corresponding
diagrams, with the gluon radiated either off the b- or s-quark, are shown in Fig. 4.
The comparison of the lowest order contributions in our model with these diagrams
is of particular interest, because the latter would be the leading contributions in the
approach of ref. [12], where the exchange of hard gluons is essential.
While the second diagram of Fig. 4 vanishes for ms = 0, the first diagram yields
the following contribution to F [O7]
F [O7]F ig.4 =
g2s
π2
mB CN CB CV
×
∫
dy dEq dz φV (y)φB(Eq)
E2q (mB − 2Eq) (2− y(1− z))
Nb q2
√
2(mB −Eq)
(33)
where Eq is the energy of the spectator in the rest frame
6 of the B-meson, and
z is the cosine of the angle between the spectator and the K∗-meson. Nb is the
denominator of the b-quark propagator and q2 is the invariant mass squared of the
exchanged gluon. In terms of the integration variables we have
Nb = −(1− y)m2B + 2mBEq , q2 = −mBEq(1− y)(1− z) . (34)
From pure kinematics, both can become zero and generate divergencies in eq. (33).
However, this is avoided by the cutoffs included in our model (see section 3): When
the b-quark propagator, Nb, goes to zero the corresponding gluon exchange can be
viewed as already been taken into account in an adequate wave function of the B
meson. We may therefore exclude these contributions in the perturbative treatment
and impose the cutoff |Nb| ≥ Λ2.
Similarly in q2, a vanishing factor (1 − z) (the factor (1 − y)Eq is already can-
celled by the wave function φV (y) and by Eq in the numerator) corresponds to
the kinematical situation where the gluon is on shell and parallel to the spectator.
Such kinematical configurations would also enter when we consider higher fock-
components of the mesons, e.g. u¯gs. Since we do not go beyond 2-Fock states here,
6 Since the model is covariant, the result is of course frame independent.
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we should also cut off this kinematical region by imposing the (covariant) condition
|q2| ≥ Λ2. Of course, this leads to a weak (logarithmic) dependence of the results on
the value of Λ. We find that for Λ = 0.2 GeV (1.0 GeV) the non-leading corrections
of eq. (33) contribute at most 23% (6%) to the rate.
In order to estimate the branching ratio we normalize the rate, evaluated at lead-
ing order, by the theoretical prediction for the inclusive semileptonic decay width.
To evaluate the latter, we apply our bound-state model to the decaying B-meson
and obtain
Γsl =
G2F
192π3
|Vcb|2C2B
∫
d3pq
(2π)3
|φB(|~pq|)|2 m
6
b(pq)
mB − Eq g
( mc
mb(pq)
)
, (35)
where g(r) = 1− 8r2 + 8r6 − r8 − 24r4 log(r) is the usual phase space function. As
we work in the leading-log approximation we have neglected QCD corrections in Γsl.
The branching ratio is then obtained by multiplying with the measured value for
BR(B → Xℓνℓ) = 0.11:
BR(B → V γ) ≡ Γ(B → K
∗γ)
Γsl
× 11% . (36)
Finally, it is straigthforward to apply our description of the B-meson to the
inclusive decays B → Xsγ. For the ratio of exclusive to inclusive decay rates, which
is the more convenient quantity for phenomenological investigations, we obtain
RK∗ ≡ Γ(B → K
∗ + γ)
Γ(B → Xs + γ) =
m5B
m5b,eff
64π4 |F [O7]|2 , (37)
where mb,eff is given by
m5b,eff ≡
∫
d3pq
(2π)3
C2B |φB(|~pq|)|2
mb(pq)
mB − Eq m
5
b(pq) . (38)
Neglecting SU(3)Flavour breaking effects, R is the same for B → K∗γ and B → ργ.
5. Absorptive parts from ImF[O2] and rate asymmetries
For the calculation of the CP asymmetry the imaginary part of F [O2] is needed.
Corresponding to the contributions from the different classes of diagrams (see Fig-
ures 2 and 3), we split it into
F [O2] = F [O2]F ig.2a + F [O2]F ig.2b + F [O2]F ig.3a + F [O2]F ig.3b . (39)
The diagrams in Fig. 2, where no gluon is exchanged with the spectator, are
readily incorporated into our model. As the effective structure of the relevant sub-
diagram is proportional to 〈sγ|O7|b〉 [see eq. (8)], the expression is similar to F [O7]
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from eq. (32)
ImF [O
(i)
2 ]F ig2a,b = −
√
mB
g2s
4π2
Qa,bCN CB CV
×
∫
dy
y√
1 + y
φV (y)φB
(mB(1− y)
2
)
ρa,b(mi, mb) , (40)
where Qa = −1/3, Qb = 2/3, and ρa,b have been defined in section 2 [eqs. (11) and
(17)]. Note that mb = mB
√
y depends on y according to our bound-state model;
and therefore [see eq. (18)], ρb is only non-zero for
Λ2
m2B
≤ y ≤ 1 . (41)
In the diagrams with gluon exchange to the spectator, the photon can be emitted
either from one of the external fermion legs (Fig. 3a) or from the i = u, c quark in
the fermion loop (Fig. 3b). Diagrams in which the photon is emitted from the b- or
s-quark line do not develop imaginary parts, because the corresponding momentum
squared of the gluon, q2, is negative. The diagrams in Fig. 3a where the photon is
emitted from the spectator quark involve the effective s¯bg vertex of eq. (10) and we
obtain for their sum
ImF [O
(i)
2 ]F ig.3a =
g2s
16π4
1
m2B
Qu CN CB CV
∫
dz dEq dy
× E
2
q√
2(mB −Eq)
φB(Eq)
φV (y)
1− y ImV
( q2
m2i
)
, (42)
where ImV is given in eq. (12) and the momentum of the gluon is related to the
integration variables according to
q2 = m2B(1− y)− 2mBEq +mBEqy(1− z) . (43)
In the diagrams of Fig. 3b the photon and the gluon is emitted from the fermion
loop, and the sum of the corresponding two one-particle irreducible subdiagrams is
represented by the effective s¯bgγ vertex of eq. (13). After implementing it in the
bound-state model, we obtain in terms of the form factors ∆in of eq. (14)
ImF [O
(i)
2 ]F ig.3b =
g2sQuCNCBCV
64π4
∫
dz dEq dy
E2q√
2(mB −Eq)
φB(Eq)φV (y)
×
{
4(1− z)Eq
mB
Im∆i5 − 4Im∆i6 +
2(1− z2)E2q
pγq
Im∆i23
+
[mB(1− y)− 2Eq] (1 + z)mB
pγq
Im∆i26
}
1
q2
, (44)
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where
q2 = −mBEq(1− y)(1− z) ,
pγq =
mB
2
[(1− y)mB −Eq(1 + z)] . (45)
The arguments of the functions ∆in(z0, z1, 0) are given by z0 = (pγ + q)
2/m2i and
z1 = q
2/m2i . The cut on the virtuality of the gluon (q
2 ≤ −Λ2) leads to the restricted
integration intervals
0 ≤ y ≤ 1− Λ
2
m2B
Λ2
2mB(1− y) ≤ Eq ≤
mB
2
−1 ≤ z ≤ 1− Λ
2
mBEq(1− y) . (46)
We can now evaluate the rate asymmetry aCP defined in eq. (1). In terms of
the above form factors F [Ok], the amplitudes Au and Ac entering in eq. (6) are
proportional to
Ai ∼ Ceff7 (mB)F [O7] + C2(mB)F [O(i)2 ] . (47)
Retaining only the leading (order αs) terms we get
aCP = −2 Im[vuv
∗
c ]
|vu + vc|2
C2(mB)
Ceff7 (mB)
ImF [O
(u)
2 ]− ImF [O(c)2 ]
F [O7]
. (48)
To render the dependence on the CKM matrix more transparent it is convenient to
use the Wolfenstein parametrization [17] which yields
Im[vuv
∗
c ]
|vu + vc|2 =
{ −ηλ2 (for b→ s transitions)
η
(1−ρ)2+η2
(for b→ d transitions) . (49)
Our numerical calculation of the asymmetries is based on a CKM matrix with
λ = 0.2205 [see eq. (49)] and ρ = −0.3, 0.0, and +0.3 for values of fB = 150 MeV,
200 MeV and 250 MeV, respectively. We vary η in the allowed range 0.15 . . . 0.5
(for mt = 174 GeV). For the mass values we use mB = 5.28 GeV and mc = 1.5
GeV, while mb,eff from eq. (38) is given in table 1 for different values of fB. The
corresponding values of the CP asymmetries, together with the branching ratio and
R, are given in table 2 for the two choices of the cutoff parameter Λ = 1 GeV and
Λ = 0.2 GeV.
In our approximation, αs which we choose as αs = 0.2, enters linearly and the
asymmetry is indirect proportional to Ceff7 (µ) which suffers from a considerable
uncertainty related to the choice of µ [18, 9]. We have also estimated SU(3)Flavour
breaking effects in the wave functions eq. (25). Using a parametrization as in ref. [19],
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the branching ratio for B → K∗γ (B → ργ) increases (decreases) by up to 30%,
compared to the values in table 2, while |aCP | decreases (increases) less than 4%
(7%), respectively. We also note that for the contributions of the diagrams in Fig. 2
alone, the rate asymmetry is essentially independent of uncertainties from the details
of the hadronic matrix elements7; this is not the case for the diagrams involving the
spectator (see Fig. 3).
6. Discussion
In this paper we have calculated the rate and the CP-violating asymmetry for
B→ K∗γ. The branching ratio of 4−5×10−5 is in good agreement with recent CLEO
measurements [7] and other theoretical approaches [18, 19]. With a typical asym-
metry near 1%, about 1010 B-mesons are required to resolve aCP experimentally. A
simple rescaling yields for B→ ργ an asymmetry of above 10% and a branching ratio
of 10−6, requiring about 109 B-mesons. Similar numbers of B-mesons are needed for
all such rate asymmetries which test direct CP violation. One expects such samples
of B-mesons at the planned hadronic B-facilities [20].
The asymmetry receives contributions from pure spectator-type decays (consid-
ered first in ref. [8]) and from transitions involving the non-decaying meson con-
stituents. The two add constructively, a fact stressing the importance of bound
state effects and possible enhancements of the observables.
The occurence of both mechanisms is expected if one views the rate asymmetry
as arising from the rescattering of intermediate DDs or Kπ meson pairs. In a quark
picture, there is no reason to neglect one of the possible gluon exchanges between
the intermediate c or u quark and the other constituents; taking into account both
contributions just reflects the symmetry of the problem. If one neglects soft rescat-
tering of the mesons, the asymmetry is essentially a phase space effect (generated
by the difference of the u and c quark masses) and probably well represented by the
quark diagrams.
The asymmetry depends on a cutoff parameter for the momentum of the ex-
changed gluon. Choosing it between 200 MeV and 1 GeV leads to a variation of the
asymmetry by about 20%. We feel that this procedure gives reasonable estimates;
since a good understanding of the infrared region is still lacking, it is difficult to go
beyond.
Within our simple model which takes into account the internal (transverse) mo-
tion of the quarks, corrections to the branching ratio coming from hard gluon ex-
change between the quark constituents are small. This confirms the fact that such
gluons are not sufficient to account for the magnitude of large momentum transfer
processes (for a discussion of these problems see [21]).
The rate of B → K∗γ has recently been recalculated, using various QCD sum
rule techniques [19, 22, 23]. Our approach yields results most similar to the light-
7 In our model, the effect of the bound-state wave functions does not completely cancel because
the argument mb of ρ in eq. (40) depends on the quark momenta.
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cone sum rules of ref. [19]; in particular, the form factor F [O7] scales as m
−3/2
B . In
contrast, it goes as m
+1/2
B at maximum recoil p
2
γ = (mB − mV )2 in ref. [22]. We
believe that such a scaling is not correct. Using the Gordon decomposition and the
known result fB ∼ m−1/2B , one obtains on general grounds that F [O7] scales asm−3/2B
at maximum recoil.
Acknowledgements
We would like to thank V. Braun and G. Kramer for helpful comments on the
manuscript.
References
[1] CP Violation (World Scientific, Singapore, 1989. Ed. C. Jarlskog)
[2] B Decays (World Scientific, Singapore, 1992. Ed. S. Stone)
[3] Y. Nir and H. Quinn, Ann.Rev. Nucl.Part.Sci. 42 (1992) 211
[4] I.I. Bigi and A. Sanda, Nucl. Phys. B193 (1981) 85
[5] B. Winstein and L. Wolfenstein, Rev. Mod. Phys. 65 (1993) 1113
[6] M. Bander, D. Silverman and A. Soni, Phys. Rev. Lett. 43 (1979) 242
[7] R. Ammar et al.(CLEO Collaboration), Phys. Rev. Lett. 71 (1993) 674.
[8] J. M. Soares, Nucl. Phys. B367 (1991) 575
[9] M. Misiak, Phys. Lett. B269 (1991) 161; A.J. Buras et al., Technische Uni-
verita¨t Mu¨nchen, preprint TUM-T31-50/93
[10] S. Bertolini, F. Borzumati and A. Masiero, Phys. Rev. Lett. 59 (1987) 180;
N.G. Deshpande et al., ibid. p. 183;
B. Grinstein, R. Springer and M. Wise, Phys. Lett. B202 (1988) 138; Nucl.
Phys. B339 (1990) 269;
G. Cella et al., Phys. Lett. B248 (1990) 181 and Phys. Lett. B325 (1994)
227;
M. Ciuchini et al., Phys. Lett. B316 (1993) 127 and preprint ROME-973-1993
[11] J. M. Ge´rard and W. S.Hou, Phys. Rev. Lett. 62 (1989) 855;
H. Simma, G. Eilam and D. Wyler, Nucl. Phys. B352 (1991) 367
[12] G. Lepage, S. Brodsky, Phys. Lett. B87 (1979) 359, Phys. Rev. D22 (1980)
2157;
A. Szczepaniak, E.M. Henley and S.J. Brodsky, Phys. Lett. B243 (1990) 287;
H. Simma and D. Wyler, Phys. Lett. B272 (1991) 395
15
[13] H. Simma and D. Wyler, Nucl. Phys. B334 (1990) 283
[14] C. Greub and D. Wyler, Phys. Lett B295 (1992) 293
[15] G. Altarelli et al., Nucl. Phys. B 208 (1982) 365
[16] V.L. Chernyak and A.R. Zhitnitsky, Phys. Rep. 112 (1984) 173
[17] L. Wolfenstein, Phys. Rev. Lett. 51 (1983) 1945
[18] A. Ali and C. Greub, Z. Phys. C 60 (1993) 433
[19] A. Ali, V. Braun and H. Simma, CERN-TH-7118-93, Z. Phys. C (in press)
[20] Proc. Int. Workshop on B-Physics at Hadron Machines, Ed. P.Schlein, Elsevier
Science Publishers, 1993
[21] J.F. Donoghue, Proc. 4th Int. Symposion on Heavy Flavour Physics, Qrsay,
June 1991, UMHEP-355
[22] S. Narison, preprint CERN-TH.7237/94
[23] see references in [19] and P. Ball, TU-Mu¨nchen Report TUM-T31-43/93;
P. Colangelo et al., Phys. Lett. B317 (1993) 183
Figure captions
Fig. 1: Leading order contribution from O7, which we use to determine the rate.
Fig. 2: Order αs matrix elements of O2 with an additional gluon exchange between
the internal quark loop and the final state s-quark. A cross (×) indicates from
where the photon can be emitted. The dashed line denotes the cut generating
the absorptive phase.
Fig. 3: Order αs matrix elements of O2 with an additional gluon exchange between
the internal quark loop and the spectator quark. A cross (×) indicates from
where the photon can be emitted. The dashed line denotes the cut generating
the absorptive phase.
Fig. 4: Order αs corrections to the matrix element of O7 with an additional gluon
exchange between the b- or s-quark and the spectator.
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Tables
fB [MeV] pF [MeV] mb,eff [GeV]
150 516 4.68
200 643 4.53
250 778 4.37
Table 1: Wave function parameter pF and effective b-quark mass mb,eff
fB ρ R BR aCP for Λ = 1.0 GeV aCP for Λ = 0.2 GeV
[MeV] [%] [10−5] [%] [%]
B → K∗γ
150 — 12 3.6 0.23 . . . 0.76 (0.18 . . . 0.60) 0.30 . . . 1.0 (0.23 . . . 0.76)
200 — 14 4.3 0.24 . . . 0.81 (0.18 . . . 0.60) 0.32 . . . 1.1 (0.23 . . . 0.77)
250 — 15 4.8 0.25 . . . 0.85 (0.18 . . . 0.60) 0.34 . . . 1.1 (0.23 . . . 0.77)
B → ργ
150 −0.3 12 0.30 −2.7 . . .−8.1 (−2.2 . . .−6.3) −3.6 . . .−11 (−2.7 . . .−8.1)
200 0.0 14 0.21 −4.9 . . .−13 (−3.6 . . .−9.8) −6.4 . . .−18 (−4.6 . . .−13)
250 +0.3 15 0.12 −10 . . .−24 (−7.2 . . .−17 ) −14. . . .−31 (−9.3 . . .−22)
Table 2: Ratio of exclusive to inclusive decays R, branching ratio BR, and CP-
asymmetry aCP for the decays B → K∗γ and B → ργ and for two different cut-off
parameters Λ. The numerical values correspond to η varying in the range 0.15 . . . 0.5
and αs = 0.2. The weak η-dependence of the BR(B → ργ) is not shown. The
numbers in parentheses correspond to taking into account only the contributions of
Fig. 2 in F [O2].
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